Studies on two-photon absorption (2PA) photodynamic therapy (PDT) by using three water-soluble porphyrin self-assemblies consisting of ethynylene-linked conjugated bis (imidazolylporphyrin) are reviewed. 2PA cross-section values in water were obtained by an open aperture Z-scan measurement, and values were extremely large compared with those of monomeric porphyrins such as hematoporphyrin. ese compounds were found to generate singlet oxygen efficiently upon one-as well as two-photon absorption as demonstrated by the time-resolved luminescence measurement at the characteristic band of singlet oxygen at 1270 nm and by using its scavenger. Photocytotoxicities for HeLa cancer cells were examined and found to be as high as those of hematoporphyrin, demonstrating that these compounds are potential candidates for 2PA-photodynamic therapy agents.
Introduction
Photodynamic therapy (PDT) is a gentle treatment modality for cancers based on the localization of a photosensitizer such as Photofrin (a mixture of hematoporphyrin oligomers) in the cancer cell followed by photoactivation [1] . In the photoreaction, the photosensitizer is promoted by photoirradiation to the excited triplet state from the excited singlet state through intersystem crossing (ISC) and transfers the excited energy to ground state oxygen ( 3 O 2 ) generating the singlet oxygen ( 1 O 2 ) which destroys the cancer. One of the problems in current PDT is the limitation of the penetration depth of light at 630 nm to restrict the treatment of deep cancer. However, the absorption by tissues is much lower in the nearinfrared (NIR) region between 700-1300 nm, which is called as an optical window of biological tissue [2] . us, the use of light in the NIR enables the deep part cancer treatment.
Two photon absorption (2PA) is a nonlinear optical process, in which two-photons are absorbed simultaneously at wavelength practically in the NIR region even where no one-photon absorption exists to promote a molecule to the excited state corresponding to the combined energy of the two-photons. Moreover, the quadratic dependence of 2PA on the laser intensity allows a high spatial selectivity by using a focused laser beam. erefore, PDT using 2PA is better for treating the deeper cancer with a three-dimensional selectivity. In 1990s, the two photon absorption photodynamic therapy (2PA-PDT) has been proposed and studied by some research groups [3] [4] [5] [6] [7] . However, these studies could not attract a lot of attention because 2PA efficiencies of photosensitizers used in those studies were low with 2PA cross-section values below 50 GM (1 GM equals to 10 −50 cm 4 s molecule −1 photon −1 ). For example, the 2PA cross-section value of protoporphyrin IX is known to be only ∼2 GM [8] and other organic molecules also exhibited small values less than 1000 GM measured by femtosecond pulses. Photofrin was also investigated as a candidate for 2PA-PDT [9] . e (2) value of Photofrin was determined as 7.4 GM at 850 nm, and they conducted cell experiments. e total energy required for the 50% cell death was 6,300 J cm −2 , which required 4 hours irradiation, demonstrating that Photofrin was unsuitable for 2PA-PDT, and new sensitizers having much higher (2) values would be requested. Aer that, we [10] [11] [12] and some research groups [13] [14] [15] [16] have reported 2PA-PDT studies using photosensitizers with much higher (2) values. 2PA-PDT employing energy transfer from a two photon absorbing dye having the (2) value of 217 GM to pheophorbide as a PDT photosensitizer was reported [13] . In this case, the 2PA-PDT effect was observed when two photon irradiation of Hela cells was treated overnight. Anderson reported in vitro 2PA-PDT as well as closure of blood-vessel by two photon excitation of butadiynylene-connected zinc-porphyrin dimer [14] . In 2003, we reported that the self-assembled conjugated porphyrin 1 (Scheme 1) through zinc-imidazolyl coordinations exhibiting a large two photon absorption cross-section value (
(2) ) of 7,600 GM, which was the largest among the reported values measured using femtosecond pulses [16, 17] . is value is three or four orders of magnitude larger than that of protoporphyrin IX or Photofrin. Further, 1 was found to generate singlet oxygen with high efficiency in toluene, indicating an appropriate candidate for 2PA-PDT. us, we started the 2PA-PDT study with the water-soluble conjugated porphyrins. In this paper, we will report on our recent studies on the 2PA-PDT, including the syntheses of water-soluble porphyrin self-assemblies, their two photon absorption properties, singlet-oxygen generation, and photocytotoxicity.
2. The First 2PA-PDT System Based on Self-Assembled Porphyrin Array 1 [10] In order to solubilize porphyrin 1 in water, methoxycarbonylethyl groups, which would be hydrolyzed to give carboxyl groups, were introduced instead of heptyls at two meso-positions in each porphyrin. As shown in Scheme 2, bis(imidazolylporphyrin) 4 bridged by a butadiyne linkage was synthesized from TMS-deprotected compound 3 by a Pd(0)-mediated coupling reaction with 47% yield. e reaction of 4 with one equivalent of zinc acetate gave a complementary dimer of monozinc-bis(imidazolylporphyrin) 5, which was isolated using gel permeation chromatography (GPC). Finally, the methyl ester groups were hydrolyzed by sodium hydroxide to obtain water-soluble self-assembly 6. e low yield of 6 (∼12%) was attributed to the monometalation process, giving a mixture of starting bis(free base) porphyrin 4, the desired monozinc complex 5, and dizinc complex. e yield was further considerably decreased during GPC separation. e low yield is obviously disadvantageous for the practical use. In order to improve this problem, we designed a monoacetylene-linked selfassembly. In this case, the one-step heterocoupling reaction of monomeric zincporphyrin with free base porphyrin can be employed to produce directly the desired monoacetylenelinked, monozinc-freebase bis-porphyrin. As shown in Scheme 3, for the heterocoupling reaction, acetylenic porphyrin 10 was prepared from porphyrin 2 by zinc insertion, followed by deprotection of the TMS group. e starting porphyrin 7 was iodinated with PhI(CF 3 CO 2 ) 2 and iodine to give the coupling counterpart 8. e heterocoupling reaction of 8 and 10 was conducted using Pd 2 (dba) 3 /AsPh 3 as a catalyst system similar to the synthesis of 4. e ester hydrolysis of 13 was performed to allow 14 in a manner similar to the case of 6. e total yield of 14 was ∼40% based on monomer 7, signi�cantly improved compared to that of 6. e absorption spectrum of ester form 5 in chloroform is shown in Figure 1(a) (solid line) . e Soret band and the Q-band were observed at 486.5 and 726.5 nm, respectively. Aer adding 10% pyridine that can cleave the complementary coordination of imidazolyl to zinc, these two peaks were blue-shied to 478.5 and 714.5 nm, respectively (bold line), suggesting dissociation to monomeric bis-porphyrin by the disappearance of the head-to-tail type exciton interaction between two bis-porphyrins. Similar spectral changes were observed for 6 in water (Figure 1(b) ), demonstrating that 6 existed as the self-assembled dimer in water by the complementary coordination in contrast to the monomeric form in the presence of 10% pyridine. e similar behavior was observed for ester form 13 and its water-soluble 14 ( Figures  1(c) and 1(d) ), also indicating that the dimer structure is maintained for 14 in water.
e (2) values of 6 and 14 in water were measured by an open aperture Z-scan method at 850 nm with 150 fs pulses. Figure 2 shows a typical open-aperture Z-scan trace (×) of 6. e detailed experimental conditions were described in [10] . e (2) values were determined as 7,500 for 6 and 7,900 GM for 14, respectively. e value of 7,500 GM obtained for 6 in water is equivalent to that of 1 in chloroform, indicating no solvent effect on (2) values. ese two values are almost identical, suggesting that the 2PA efficiency of monoacetylene bridge is equivalent to that of bisacetylene. e values are signi�cantly large compared to those of protoporphyrin [8] and hematoporphyrin [9] , indicating that 6 and 14 are possible candidates for the 2PA-PDT agent.
e major pathway in PDT is generally accepted as the Type-II reaction associated with singlet oxygen generation which involves energy transfer from the triplet state photosensitizer to ground state oxygen to give toxic singlet oxygen ( 1 O 2 * ) that attacks tumor cells. us, the efficient generation of singlet oxygen in water is required for PDT agents. e direct evidence for singlet oxygen generation can be monitored by phosphorescence from 1 ▵ to 3 Σ at 1270 nm. e emission from the singlet oxygen at 1270 nm under one-photon irradiation condition was measured by time-resolved experiment. e agents in water were irradiated by non-focused 5 ns Nd:YAG-OPO pulses (10 Hz and 128 shots) with a pulse energy of around 3 mJ, and the phosphorescence was detected through an interference �lter with an InP/InGaAsP detector operated at −80 ∘ C. e sample concentration was 5 × 10 −5 M, and the excitation wavelengths were selected to be the same absorbance (0.8) at 556 nm for 6, and protoporphyrin (PP), and at 550 nm for 14. e detailed experimental conditions were also described in [10] . Figure  3 shows time-resolved emission pro�les at 1270 nm for (a) 6, (b) 14, (c) PP, and (d) PP with NaN 3 as the quencher. e fast rise components were observed for (a), (b), and (c) aer the excitation, suggesting the formation of singlet oxygen by energy transfer from the photosensitizer. e lifetime was determined as ∼2 s, which was similar to the reported value of singlet oxygen in water (1.5 ∼ 4 s) [19] [20] [21] [22] . NaN 3 , being a quencher for singlet oxygen, was added into all the solutions of 6, 14, and PP to quench the emission, demonstrating that the emission originated from singlet oxygen (typical data were shown in Figure 3(d) ). Moreover, as shown in the emission spectrum (typical spectrum of PP was presented in Figure 4 ) recorded in the range from 1250 to 1300 nm with the same equipment using a monochromator (the intensity was obtained by integrating decay pro�le from around 2 to 8 s), the spectral shape with a peak maximum at around 1271 nm is similar to that for singlet oxygen as reported in the literature [20] . Samples of 6 and 14 showed almost the same emission intensity, time pro�le, and spectrum to PP. e photocytotoxicity of the agents was examined using HeLa cells under one-photon irradiation conditions. Figure 5 shows the photocytotoxicity of 6. e cell survival percentages aer the photoirradiation was plotted against the concentration of agents. e cell was almost unchanged for concentrations lower than 10 −8 M and cell survival decreased with increasing agent concentration. No signi�cant di�er-ence in the photocytotoxicity was observed between 6 and hematoporphyrin (Hp), demonstrating that 6 exhibits high PDT efficiency equivalent to Hp. e photocytotoxicity of 14 for HeLa cell was also examined by observing cell death upon photoirradiation using a microscope. A CW diode laser (671 nm) was used for excitation. e spot diameter was 30 m with a power density of 1.8 W/cm 2 , and the beam center was adjusted at the center of cell. e details were described in [10] . No cell death was observed without the agent, even aer 2 hours of irradiation (total irradiation energy >12,960 J/cm 2 with a power density of 1.8 W/cm 2 ). On the other hand, cell death was observed by administrating 14 (5 × 10 −6 M). As shown in Figure 6 , the leakage of the cytoplasm worsened with time course, and blebs were formed on the cell surface. Table 1 summarizes the irradiation time required for cell death at various concentrations of 14. e exposure time until cell death was shortened with increasing concentrations of 14. ese results demonstrate that water-soluble porphyrin selfassemblies 6 and 14 are potential candidates for 2PA-PDT.
The Second 2PA-PDT System Using
Dendritic-Type Substituent [11, 12] Next, we reported a different approach to construct a watersoluble two photon absorbing porphyrin-based photosensitizer 15 (Scheme 4) as another potential candidate for 2PA-PDT. A butadiyne-bridged bis-porphyrin was chosen as the two photon absorbing part of this 2PA-PDT system. In contrast to the previous compounds, a dendritic-type substituent was used as hydrophilic groups. A monomeric porphyrin having six carboxylates was attached at both ends of the butadiyne-bridged bis-porphyrin through zincimidazolyl coordination to allow a tetramer. e selfassembled structure was covalently �xed by ole�n metathesis. [22] . In contrast to the previous compounds, the hydrophilic groups in compound 15 were larger in number and were located only at both ends of the tetramer. ese factors may affect drug-delivery property into the cell. Scheme 5 shows synthetic routes of a zinc-inserted butadiyne-bridged imidazolylporphyrin dimer 17Zn as the 2PA component and a zinc-inserted isophthalamidoimidazolylporphyrin having 12 carboxylic acid groups 19Zn as the water-soluble component.
e butadiyne-bridged bis-porphyrin was synthesized by Pd-catalyzed coupling of 16 using Pd 2 (dba) 3 (dba = dibenzylideneacetone) and triphenylarsine to afford freebase 17 in 64% yield. Freebase 17 was treated with zinc acetate to give the 2PA component 17Zn. In order to increase hydrophilicity, the water-soluble component 19Zn was synthesized from 18ZnH with a precursor of dendrimer via BOP (benzotriazol-1-yloxytris(dimethylamino)phosphoniumhexa�uorophosphate) condensation in a 90% yield.
In noncoordinating solvents such as CHCl 3 , imidazolylporphyrins 17Zn, and 19Zn exist as polymer (17Zn) and as dimer (19Zn) 2 , respectively, through the complementary coordination of imidazolyl to zinc as shown in Scheme 6. However, in coordinating solvents such as pyridine (denoted as L in Scheme 6), porphyrins 17Zn and 19Zn exist as their monomeric form. In order to lead to the desired tetramer 20 1 , the initial coordination dimers of 19Zn and 17Zn in a 2 : 1 molar ratio were dissociated by dissolving in pyridine. Reorganization was conducted by removing pyridine to form different length arrays of 20 . e tetramer 20 1 can be isolated using preparative GPC (8.7%). In order to prevent reorganization in other solution conditions, the coordination structure was �xed via metathesis of the allyl ether side chains using Grubbs catalyst to get compound 21 (80%). Compound 21 was treated with formic acid to cleave -Bu groups giving the carboxylic acid form 21H, and subsequent treatment with an equimolar amount of NaOH yielded the water-soluble tetramer 15 (85%). e characterizations of the compound 15 including GPC, mass, UV/vis absorption and emission spectral measurements were described in detail in [11] . e effective 2PA cross-section was measured using an open-aperture Z-scan method with nanosecond pulses. A typical Z-scan trace of compound 15 in water at 890 nm with theoretically �tted curve is shown in Figure 7 . e effective 2PA spectrum of compound 15 in water is shown in Figure 8 [11, 18] . e 2PA maximum peak for compound 15 appeared at 890 nm with a value of 33,000 GM. It should be noted that it is difficult to compare this 2PA cross-section value with those of 6 and 14 obtained by femtosecond pulses. e nanosecond values are ca. 30 times larger compared to the femtosecond values for our previously reported compounds [17] . e large discrepancy between nanosecond and femtosecond values is attributed to excited state absorption (ESA) due to the longer pulse width in nanosecond lasers as compared to those in femtosecond pulses. e effective (2) value of compound 15 was three orders of magnitude larger than that of H2TPP (29 GM at 780 nm) measured by employing the same nanosecond pulses [20] .
Compound 15 generated singlet oxygen by one-photon irradiation as seen in Figures 3 and 4 [12] . However, this direct measurement could not be applied to the two photon conditions since the emission signal was too weak to detect. Singlet oxygen can not only be measured by the direct observation but also be determined quantitatively by using scavengers such as anthracene-9,10-dipropionic acid sodium salt (ADPA) [11, 23, 24] which reacts with oxygen to form an endoperoxide. erefore, singlet oxygen generation by two photon irradiation was monitored as decrease in ADPA absorption. ADPA exhibits characteristic absorption peaks at 399, 378, 359, and 342 nm. A D 2 O solution of ADPA and compound 15 was irradiated with focused 100 fs pulses at 890 nm with a pulse energy of 4 nJ corresponding to the peak power of 6.1 GW/cm 2 [11] . Since the emission from singlet oxygen is very week under the two photon conditions [11, 18] . and the lifetime is short in H 2 O, D 2 O was used as solvent [21] . Continuous photobleaching of anthracene absorption was observed for 3 h using 890 nm excitation. On the other hand, no change was observed in the Q-bands of compound 15 indicating that the sensitizer itself was not affected either during two photon irradiation or by singlet oxygen generation ( Figure 9 ). Almost no decrease in the anthracene absorption was observed in the solution without 15. e same experiment was conducted by using tetraphenylporphyrin tetrasulfonic acid (TPPS) which has very low 2PA efficiency at this wavelength region. e results were summarized in Figure 10 (no photosensitizer (triangle), TPPS (×) and 15 (square)). is indicates that compound 15 is a potential agent for 2PA-PDT. e detailed experimental conditions and data were described in [11, 12] . Finally, the PDT experiment with two photon irradiation was conducted using HeLa cells. A HeLa cell incubated with 15 on a glass slide was irradiated for 5 min with 100 fs pulses at 780 nm with an average power of 2 mW which provides an average of 600 mJ/cell. Detailed experimental conditions were described in [12] . As shown in Figure 11 the position marked by an arrow. Aer the irradiation, the degradation of the cell membrane was observed in the upper cell (Figure 11(b) ). e lower cell which was nonirradiated was undamaged. Control experiments with Hp and without photosensitizer also resulted in no cell damage. ese results suggest that compound 15 is a potential agent not only for photodynamic activity on HeLa cells but also for selective targeting of tumor cells via two photon excitation. Although femtosecond laser sources were not available in the cell experiments of compounds 6 and 14, it would be interesting to conduct a comparative study between 15 and the previous compounds in order to determine which type of structure and hydrophilicity will give better drug delivery property. 
